Y 3 Al 5 O 12 doped with 0.8 % wt. Nd (Nd:YAG) single crystals were grown by the Czochralski technique under an argon atmosphere. The conditions for growing the Nd: YAG single crystals were calculated by using a combination of Reynolds and Grashof numbers. The critical crystal diameter and the critical rate of rotation were calculated from the hydrodynamics of the melt. The crystal diameter D c = 1.5 cm remained constant during the crystal growth, while the critical rate of rotation changed from w c = 38 rpm after necking to w c = 13 rpm at the end of the crystal. The value of the rate of crystal growth was experimentally found to be 0.8-1.0 mm/h. According to our previous experiments, it was confirmed that 20 min exposure to conc. H 3 PO 4 at 603 K was suitable for chemical polishing. Also, one-hour exposure to conc. H 3 PO 4 at 493 K was found to be suitable for etching. The lattice parameter a = 1.201 (1) nm was determined by X-ray powder diffraction. The obtained results are discussed and compared with published data.
INTRODUCTION
Oxide crystals are of great importance for modern electrical and electro-optical applications in several devices. Diode-pumped Q-switched solid-state lasers have been demonstrated to have high-efficiency, high average power, and high energy per pulse. The applications of Q-switched lasers are well known: lidars, remote sensing, pollution detection, nonlinear optical processes, and material processing. 1, 2 Nonlinear optical conversion techniques, like second-harmonic generation (SHG or frequency doubling) or like optical parametric oscillation (OPO) can be used not only to extend the frequency range of existing lasers, but also to allow the set up of non-destructive testing methods to determine the properties of materials of interest for integrated optical applications. In principle, any crystalline medium without inversion symmetry can produce SHG, provided the electric field E of the electromagnetic radiation is sufficiently large, as for instance in the high peak power of pulsed laser systems lika a Q-switched Nd:YAG laser. 3 Recently, the possibility of multiple applications of lasers in dentistry, beyond soft tissue surgery and dental compositeuring, were found. 4 These include replacement of the dental drill with a laser, laser dental decay prevention, and laser decay detection, but, unfortunately, they have not yet been realized clinically.
There has been a continuing interest in the development of the technology of Y 3 Al 5 O 12 (YAG) garnet crystal growth because Nd-doped YAG is one of the most important laser hosts for the generation of 1.06 mm infrared radiation. Its good optical, chemical and mechanical characteristics have made it the standard material in industrial applications were reliability is particularly important. Nd:YAG crystals are usually grown by the conventional Czochralski (CZ) technique. [5] [6] [7] [8] Besides that, for miniature laser sources Nd:YAG can grow by the micropulling-down (m-PD) technique [9] [10] [11] and by the crucibles laser heating pedestal method. [12] [13] [14] The shape of melt/crystal interface is strongly affected by internal radiant heat transfer through the crystal and this mechanism promotes deeply deflected interfaces toward the melt. 15 The deep interfaces in these systems can lead to detrimental features in the grown crystal, notably the production of highly strained regions near the core of the crystal, which correspond to facet formation along the melt/crystal interface during growth. 16 GeO 20 19 single crystals. In our previous experiments, [20] [21] [22] we obtained Nd:YAG single crystals with a core, despite taking some hydrodynamics equations into account. The aim of our work was, by applying both theoretical and experimental treatment, to produce and characterize Nd:YAG single crystals without a core.
EXPERIMENTAL
Yttrium aluminium garnet doped neodymium single crystals (Nd:YAG) were grown by the Czochralski technique using a MSR 2 crystal puller, as described previously. 23 The atmosphere used was argon. The starting materials were powdered Y 2 O 3 , Al 2 O 3 and Nd 2 O 3 (all Koch&Light) all of 4N purity. Powdered ZrO 2 (Koch&Light) of 4N purity was used for isolation. The purity of argon (Tehnogas) was 4N. The iridium crucible (4 cm diameter, 4 cm high) was placed into an alumina vessel surrounded by ZrO 2 wool isolation. Double walls were used to protect the high radiation. To decrease the radial temperature gradient in the melt, alumina was mounted around all the system. The pull rates were generally in the range 0.8-3 mm/h, and the best results were obtained with a pull rate of 1 mm/h. The crystal rotation rates were between 6 and 100 rpm. The best results were obtained with a crystal rotation of 20 rpm. The diameters of crystals were between 10 and 20 mm. The crucible was not rotated during the growth. After the growth run, the crystal boule was cooled at a rate of about 50 K/h down to room temperature.
Various solutions of H 3 PO 4 at different temperatures and for various exposure times were tried for chemical polishing and etching. For chemical polishing, exposure to a concentrated (85 %) solution of H 3 PO 4 at 603 K for 20 min was confirmed to be suitable, as was found in our previous work. [20] [21] Exposure for one hour to an 85 % solution of H 3 PO 4 at 493 K after was found to be a suitable for etching. [21] [22] All the obtained crystal plates were observed in polarized light to visualize the presence of a core and/or striations.
The chemical compositions of the products were determined by powder XRD analysis. All the samples were examined under the same conditions, using a Philips PW 1729 X-ray generator, a Philips 1710 diffractometer and the original APD software. The radiation source was an X-ray LLF tube with copper radiation and a graphite monochromator. The radiation was lCuKa 1 = 0.15460 nm. The anode tube load was 40 kV and 30 mA. Slits of 1.0 and 0.1 mm were fixed. The samples were pressed into standard aluminium frames and measured in the 2q ranges from 5º to 60º. Each 1/50º (0.02º) was measured for 0.5 s. For production identification, the MPDS program and JCPDS (ASTM) card files were used.
RESULTS AND DISCUSSION
The growth of crystal from the melt is one of the most important techniques for producing advanced materials. A successful growth requires the control of heat and mass transfer in the melt and through the phase boundaries. In the case of the Czochralski technique (CZ), different types of convection are generated in the melt: natural convection due to density differences in the gravity field and to thermocapillary forces at the melt-gas interface, and forced convection caused by the rotation of the crystal and/or the crucible. 24 These different flows influence the shape of the melt/crystal interface during growth, which in turn affects the quality of the grown crystal. It has been experimentally established that the flatter this interface is, the better the quality of the grown crystal. 25 The objective is always to find the experimental growth conditions which produce a planar interface during the entire pulling process.
In our previous experiments [20] [21] [22] we tried to obtain a planar interface during the growth of a Nd:YAG crystal by applying the equations taken from Takagi 26 and Carruthers. 27 It is well known that a crystal/melt interface becomes flat at the moment of the inversion in the shape of the crystal/melt interface. This phenomenon results from changes in the movements of the melt. Simultaneously, a certain part of the crystal is melting thus causing the crystal/melt interface, convex till then, to become almost flat versus the melt. At the moment of inversion, the diameter of the crystal reaches its critical value for a particular rotation (a critical rotation). Using Takagi equation, 26 one obtains a plot of D c (the critical diameter) versus w c -1/2 (the critical rate of rotation), where almost all points belong to the line. The value of w c was 70 rpm, D c was 15 mm, and the pulling rate was experimentally found to be 1.2-1.3 mm/h. However, all crystals had a core although inversion occurred.
Using equations derived from Carruthers (Gr=Re 2 assuming that the melt density does not change during the process of crystal growth), one obtains D c = 10 mm, w c = 100 rpm, with an experimentally determined pulling rate of 3 mm/h. All these crystals also had a core of about 1.5 mm in diameter.
Xiao and Derby 28 were the first to calculate deeply convex interfaces during CZ oxide growth and showed that such shapes were caused by internal radiation through the crystal coupled with convective heat transfer in the melt. It is well known that the Prandtl number serves as a measure of the relative importance of the transfer of heat by conduction and by convection. The Prandtl number (Pr = n/a) is a material property, and typical values are 0.01 for molten metals and semiconductors, and 1 for molten oxides. It was found 29 that for YAG crystals the thermal conductivity (k) and thermal expansion coefficient (a) strongly depend on the temperature. The thermal conductivity can be calculated using the following equation:
where a = 1.9´10 6 W/cm K, b = 5.33 K -1 , c = 7.14, and d = 331 W/cm and a by the relation:
where a = 1.14´10 -7 K -(b+1) and b = 0.69. Our results can be discussed in terms of the rotational Reynolds number (Re) and the Grashof number (Gr), which are defined as:
Where r is the melt density, R crys. is the crystal radius, w is crystal rotation rate, m is the viscosity of the melt, g is the acceleration of the free fall, and b is the thermal expansion coefficient, DT is the difference between the maximum melt temperature (which occurs along the inner crucible wall) and the melting point temperature, and R cruc. is the inner radius of the crucible. These dimensionless numbers represent measures of the driving forces for flows induced by crystal rotation (Re) and buoyancy (Gr). The thermophysical properties employed for our calculation, which represent the most recent physical property measurements of YAG, 30 are shown in Table I . The Marangoni number (Ma) is a measure of surface tension driven flows and given by 31 :
where ( ¶g/ ¶T) is the temperature coefficient of the surface tension; DT the temperature difference (T crucible -T mp ); R crus. the crucible radius; R crys. the crystal radius; r the melt density; n the kinematic viscosity, and a the thermal diffusivity of the melt. For YAG crystals, ( ¶g/ ¶T) = 0 and the Marangoni number cannot be used. The thermal zone is heated by the Joule effect. In this configuration, the temperature is larger at the bottom of the crucible than at the height of the melt/crystal interface. The resulting conditions at the walls of the crucible (T cruc. ) and of the crystal (T crys. ) are about 2281 to 2251 K and 2243 K, respectively, as the temperature of the crucible, T cruc. (R cruc. , z), decreases during the process and the temperature difference, DT, between the crucible and the crystal at the free surface is not exact. From the temperature data at the walls of the furnace and the crucible, it was estimated 25 that this difference varies according to DT = 8 h ± 0.5 (here h is the height of the melt in cm and T is degrees in Celsius). Applying the Carruthers 27 relation Gr = Re 2 , crystal necking values for a critical diameter D c = 1.5 cm and a critical rotation rate w c = 28 rpm were found. At the bottom of the crystal, w c was calculated to be 13 rpm. The rotation rate of the crystal was programmed to decrease linearly with the melt height from about 28 rpm at the start to about 13 rpm at the end of the pulling. The pulling rate was experimentally found to be 0.8-1.0 mm/h. The growth parameters are given in Table II . The low-gradient Nd:YAG simulations presented here exhibited a smoothly convex interface associated with successful flat-interface growth. The high-gradient Nd:YAG simulations yielded complicated, wavy melt/crystal interfaces, which resisted inversion at higher rotation rates. Our calculations also established that the nature of the inversion transition is strongly affected by the process conditions where the transition can occur over a wide range of rotation rates and can exhibit hysteresis or smooth transitions between states. 15 In fact, the results presented here offer compelling arguments against the general usefulness of simple scalings 27, 32 or universal correlations [33] [34] [35] to describe the mechanism of interface inversion during Czochralski growth of oxide crystals. The interaction on the geometry of the growing crystal of the exterior thermal environment via radiant heat transfer is a well-known factor in Czochralski growth processes. Internal radiant heat transfer magnifies the importance of these interactions with respect to the formation of a temperature field within the crystal. A large cone angle results in significant temperature gradients near the corner of the shoulder region, which could promote crystal cracking due to the greater, associated thermal stresses. This effect has been observed in an experimental system, 36 and has lead to the adoption of rather small cone angles in common practice. It was found 15 that a cone angle of 35º represents a common choice for YAG growth and produces relatively small radial temperature gradients through the crystal, while growth with a larger cone angle, such as 75º, forces the crystal shoulder to point more directly upwards, towards the coolest portion of the growth enclosure. This change in the crystal geometry increases the overall heat loss through the crystal, resulting in a more deeply deflected melt/crystal interface. We observed 21 some formed facets on those parts of the melt/crystal interface that were parallel to the facets [211] and [110]. There was a core into these crystals although an attempt was made to grow the crystal according to the results obtained after application of hydrodynamics in the melt equations. According to newer results from the literature, 15 the main reason for the appearance of a core is a large cone angle during necking. We used a cone angle of~30º for Nd:YAG single crystal growth and obtained crystals without a core. A picture of an obtained Nd:YAG single crystal plate is shown in Fig. 1 .
Flat-interface growth of YAG is difficult to achieve, especially for neodymium-doped material. However, it was reported 15,37 that flat-interface Nd:YAG single crystals growth can be achieved by applying a low thermal gradient. Xu et al. 37 employed a massive baffle over the melt to promote extreme thermal gradients, while Xiao et al. 15 used a two-zone furnace. For this purpose, we used an alumina tube in our crystal growth experiments.
The structural properties were obtained using X-ray diffraction analysis of powdered samples. A Philips PW 1710 diffractometer was used in the 2q ranges from 5º to 60º. The unit cell of Nd:YAG was calculated by the least square method using 15 reflections including more Ka 2 for 1 reflection. All the reflections correspond to Nd:Y 3 Al 5 O 12 crystals and gave the parameter of the cubic unit cell a = 1.2103 (2) nm. 38 Some divergence from the compared results can be explained by the fact that X-ray powder diffraction analysis gives a statistical result. Our calculated result for the lattice parameter is a = 1.201 (1) nm, which is in good agreement with published data. 1, 5, 7 An X-ray difractogram for powdered Nd:YAG is given in Fig. 2 . Reflection spectra recorded in far infrared region can give useful information about the quality of the obtained Nd:YAG single crystals. The positions of the phonon modes can show many important properties of any materials. For this reason, FTIR spectra of Nd:YAG single crystals at various temperatures were recorded. These results will be published in a subsequent paper related to the optical properties of the obtained Nd:YAG single crystals.
CONCLUSION
The conditions for growing Nd:YAG single crystals were calculated by using a combination of Reynolds and Grashof numbers. From the hydrodynamics of the melt, the critical crystal diameter D c was 1.5 cm and the critical rate of rotation changed from w c = 38 rpm after necking to w c = 13 rpm at the end of the crystal. The value of the rate of crystal growth was experimentally found to be 0. Monokristali Y3Al5O12 dopirani sa 0,8 % te`. Nd (Nd:YAG) rasli su u argonu tehnikom rasta kristala po^ohralskom. Uslovi rasta monokristala Nd:YAG su izraunati kori{}ewem kombinacije Rejnoldsovog i Grashofovog broja. Vrednosti kriti~nog pre~nika i kriti~ne brzine rotacije su odre|ene pomo}u jedna~ina dinamike fluida. Pre~nik kistala Dc = 1,5 cm je dr`an konstantnim za vreme procesa rasta kristala, dok se vrednost kriti~ne brzine rotacije mewala od w c = 38 o/min posle {irewa i postizawa`eqenog pre~nika ("obarawa krune") do w c = 13 o/min pri kraju kristala. Brzina izvla~ewa kristala je odre|ena eksperimentalno i kretala se od 0,8-1,0 mm/h. Saglasno na{im ranijim eksperimentima, kao sredstvo za hemijsko polirawe je potvr|ena konc. H3PO4 na 603 K pri izlagawu od 20 minuta. Konc. 
